Summary. The characteristics of neurosecretory granules include the presence of an acidic interior, a hyperosmolar concentration of granule solutes, the presence of chromogranin (CG) or CG-like soluble acidic proteins and a high content of nucleotides, predominantly ATP. The identification of "nucleotides" within the neuroendocrine "stem cells" of coelenterates (e. g. Hydra) has raised some interesting evolutionary questions as to the function of intragranular nucleotides. The chromaffin granules of adrenal medullary cells have been studied extensively, and are representative of the neurohormone/neurotransmitter packaging problems encountered in neurosecretory granules, in general. At the acid pH (5.7) of the interior of the chromaffin granule, ATP has three negative charges based on the pK value of the y-phosphate group. ATP can therefore interact with positively charged amines, acetylcholine and divalent cations, forming binary and ternary complexes. The results of nuclear magnetic resonance (NMR) spectroscopy indicate that the hyperosmolar solutes within the chromaffin granule exist in a viscous, but fluid state; one function of ATP could be to help lower the osmotic pressure of the granule contents through extensive, but weak, intermolecular bonding. In addition, ATP is an excellent buffer to help maintain a pH of 5.7 within the interior of the chromaffin granule. An acidic milieu contributes to neurohormone/neurotransmitter packaging and granule stability. The presence of nucleotides within neurosecretory granules cannot, however, be explained on the basis of the ability of ATP to simply reduce osmotic pressure, since insulin molecules exist in a crystalline phase, a condition which, by itself, could substantially reduce osmotic pressure; nucleotides, nevertheless, co-exist in these insulin cores. ATP and ATP metabolites such as ADP, AMP and adenosine, formed as a result of the action of ectonucleotidases, can have extensive extracellular trophic and feedback effects after secretion. Extracellular nucleotides and adenosine can function as neuromodulators, agonists and antagonists to inflammatory cells, and regulators of blood flow, etc.
It is possible that intragranular nucleotides were retained through a billion or more years of evolution because of the importance of these trophic and feedback effects. Parts of the neurosecretory granule, such as the Fl subunit of the proton-translocating ATPase, can be traced back to the aerobic bacteria, vacuolar amine transport to yeast and a CG-like acidic protein to protozoan secretory granules (i. e., the trichocysts of Paramecia).
Neurosecretory granules are biochemically very complex (LAGERCRANTZ, 1976; WINKLER and WESTHEAD, 1980; NJUS et al., 1981; MATTHEWS et al., 1982; PHILLIPS, 1982; WINKLER et al., 1983 WINKLER et al., , 1986 HUTTON et al., 1986; WHITTAKER, 1987; WINKLER, 1987; LEAPMAN and ORNBERG, 1988; ORNBERG et al., 1988) and are found in neurons that form part of the central and peripheral nervous systems, chromaffin cells found in the adrenal medulla, and a large number of neuroendocrine cells that constitute the diffuse neuroendocrine system of higher organisms (FEYRTER, 1938; PEARSE, 1977; SOLCIA et al., 1981) . The remarkable similarity of the endocrine cell to the neuron gave rise to the concept of "paraneurons" which emphasizes the basic biological similarities between these cells and places less importance on their embryological origins (FU-JITA, 1977 , 1985 FUJITA and KOBAYASHI, 1979) . Much attention has been given in the literature to the evolution of the peptides, proteins, amines and neurotransmitters contained within these granules (HALES, 1978; DOCKRAY, 1979; VAN NOORDEN and FALKNER, 1980; BODENMULLER and SCHALLER, 1981; CARRAWAY et al., 1982; FRITSCH et al., 1982) . The neurosecretory granule represents, however, a biologically most unique type of cytoplasmic granule that differs biochemically and cytochemically from other types of 278 C. M. PAYNE: secretory granules (ROTHMAN et al., 1974; ARYAN et al., 1984; PAYNE et al., 1984; CASTLE et al., 1987; ORCI et al., 1987) found in exocrine (e. g., parotid, breast) and endocrine glands (e. g., thyroid). The characteristics of neurosecretory granules include an acidic interior (pH<6.0), a hyperosmolar concentration of molecules, the presence of chromogranin or chromogranin-like soluble acidic proteins, and a high content of nucleotides, predominantly ATP (WINKLER and WESTHEAD, 1980; NJUS et al., 1981; PHILLIPS, 1982; WINKLER et al., 1983; WHITTAKER, 1987; WINK-LEER, 1987; LEAPMAN and ORNBERG, 1988; ORNBERG et al., 1988) .
Ultrastructural cytochemical data from our laboratory indicated that the neurosecretory granules found in the neuroendocrine "stem cells" (WESTFALL,1973) of Hydra (PAYNE and CROMEY, 1987 ) also contain nucleotides (or polyphosphates) based on the chemical specificity underlying the uranaffin reaction (ZOBEL and BEER, 1961) . These cytochemical studies indicate that nucleotides were perhaps present in the neurosecretory granules of the neurons of the early coelenterates, which phylogenetically represent the simplest of nervous systems (i. e., nerve net). This new information raises some interesting evolutionary considerations as to the function of intragranular nucleotides. It is, therefore, the purpose of this review to bring together the available biochemical, biophysical and cytochemical evidence that points to a possible universal function of intragranular nucleotides. An understanding of both the intragranular role of ATP and ADP and their extracellular effects after secretion, may help explain their possible conservation through 1 billion or more years of evolution.
This review will consider the phylogenetic and evolutionary considerations of intragranular ATP as well as the interaction of ATP with chromogranin, neurotransmitters/neurohormones and calcium, the presence of proton-translocating ATPases (the enzymes responsible for maintaining the low pH of the neurosecretory granule) and the coupling of the chemiosmotic or electrochemical gradient to amine transport.
Finally, the contents of neurosecretory granules, as outlined above, will be traced back through evolution in a hypothetical scheme which targets aerobic bacteria as possible antecedents to neurosecretory granules. The possible origin of the neurosecretory granule through a mechanism of bacterial endosymbiosis with an ancestral eukaryotic-type, single-celled organism (MARGULIS, 1971 ) is discussed.
ROLE OF NUCLEOTIDES
Function within the granule matrix A general argument for the involvement of ATP in packaging mechanisms within neurosecretory-type granules was based on experimental spectroscopic data that showed binary and ternary coordination complexes of ATP with amines, acetylcholine and metals (BOROWITZ et al., 1965; COLBURN and MARS, 1965; BERNEIS et al., 1969 BERNEIS et al., , 1970 BERNEIS et al., , 1971 PLETSCHER et al., 1971; PAI and MAYNERT, 1972; WHITTAKER, 1972; UVNAS and ABORG, 1987) . BOROWITZ et al., (1965) indicated the possibility of an amine/ATP ratio of 4: 1 within the chromaffin granules of the adrenal medulla, based on the stoichiometry of binding between charged species. These calculations were based, however, on the net charge of ATP at pH7.4, the physiological pH of the cytosol, not the pH of the interior of the chromaffin granule. The elegant work of NJUS et al. (1978) and POLLARD et al. (1979) indicated that the internal pH of the chromaffin granule was 5.7, using 31P nuclear magnetic resonance (NMR) spectroscopy. NJUS et al. (1978) obtained this value by measuring the buffering capacity of a reconstituted intragranular solution, and POLLARD et al. (1979) by collapsing the pH gradient of the granule, and producing a complete titration curve of the y-phosphate group of intragranular ATP between pH 3 and 8. This means that at the internal pH of the chromaffin granule, ATP only has three negative charges, not four. This decrease in net charge would, in effect, result in less amine binding by ATP in situ within the granule than originally suggested. It has been well documented in the literature (PRUSOFF, 1960; BERNEIS et al., 1971; PLETSCHER et al., 1971; PAI and MAYNERT, 1972; LAGERCRANTZ, 1976; WINKLER and WESTHEAD, 1980; PHILLIPS, 1982; WINKLER et al., 1986; WINKLER, 1987) that amine/ATP ratios in various types of neurosecretory granules and platelet dense bodies, varies between 1-60: 1 (Table 1 ). In addition, ATPfree granule material from bovine adrenal medulla has the ability to bind inorganic cations and amines (UVNAS and ABORG, 1977) . A function of ATP to specifically bind amines ( VAN DYKE et al., 1977; GRANOT and ROSENHECK, 1978) or other neurotransmitters/neurohormones (POISNER and DOUGLAS, 1968; WHITTAKER, 1972) is, therefore, not plausible.
One of the most impressive features of neurosecretory granules is that the molecular contents are in a hyperosmolar state (WINKLER et al., 1986 (WINKLER et al., 1986) . One cholinergic vesicle of the electric organ of the Torpedo fish contains 200,000 molecules of acetylcholine and 20,000 molecules of ATP (-1M solution) (TA-SHIRO and STADLER, 1978; WINKLER et al., 1983) . The platelet dense body contains nucleotides in the 1-2M range (HOLMSEN, 1985) , and one beta-cell granule of the pancreas can contain 800,000 insulin molecules (MATTHEWS et al., 1982) . If all of these molecules were osmotically active, the granule contents would swell and lyse as a result of excessive water intake. Using the chromaffin granule, as an example, the granule solute to cytosol solute concentration is approximately 3: 1 ((NJUS et al., 1981) . There are three basic physiochemical mechanisms for reducing the intragranular osmotic pressure: 1) the granule contents can exist in a solid amorphous or crystalline form with a minimum of bound water; 2) some of the molecules can become sufficiently "complexed" or compartmentalized to produce a net activity coefficient of solutes equal to -0.3 (NJUS et al., 1981) ; 3) all molecules within the granule matrix can form weak intermolecular bonds resulting in an average activity coefficient of -0.3 (NJUS et al., 1981) (Fig. 1) . In the case of the chromaflin granule, X-ray diffraction analysis failed to detect a crystalline core (POLLARD et al., 1973) . The results of fluorescence spectrophotometry (STEFFEN et al., 1974) and NMR spectroscopy (GRANOT and ROSENHECK, 1978; SHARP and RICHARDS, 1977a, b; DANIELS et al., 1978; SHARP and SEN, 1978; SEN et al., 1979) all indicate that the chromaflin granule contents are in a "fluid" or mobile state. In NMR spectroscopy, broadening of absorption bands or decreases in the relaxation rate are associated with a decrease of molecular motion, a condition that does not exist within the chromaffin granule (SHARP and RICHARDS, 1977a, b; DANIELS et al., 1978; SHARP and SEN, 1978; SEN et al., 1979) . At the high concentration of solutes within the granule interior, the contents of the chromaffin granule best represent a non-ideal but homogeneous viscous solution (NJUS et al., 1981) (Fig. 1 ). In the case of the cholinergic vesicles of the Torpedo fish, the vesicle contents are highly hydrated and more "osmoticallyactive" than the contents of chromaffin granules (STADLER and FULDNER, 1980; FULDNER and STAD-LER, 1982) . The osmolality of the interior of the Torpedo vesicle (-1M) is only slightly above the physiological osmolality of an elasmobranch fish (-0.84M), and therefore explains their greater molecular mobility using proton NMR (STADLER and FULD-NER, 1980 ) and 31P-NMR spectroscopy (FULDNER and STADLER, 1982) . The human platelet dense body exists as a solid amorphous core in the presence of Ca++ ions, and does not produce NMR signals at any temperature (HOLMSEN, 1985) . The contents of betacell granules of the pancreatic islet cells of mammals, birds, reptiles and amphibians are in a crystalline state (GREIDER et al., 1969; RASKA et al., 1978; LANGE et al., 1979; CHAWDHURY et al., 1983) and therefore exert minimal osmotic pressure. The crystalline structure and stability of the granule is dependent upon the low pH (5-6) of the interior of the betagranule (HUTTON, 1982) coupled with the physiochemical characteristic of insulin molecules to selfassociate through hydrophobic bonding (JEFFREY and COATES, 1966) . The optimum conditions for granule stability were determined to be low ionic strength and a pH of 6.0 (COORE et al., 1969) . The importance of low pH to the stability of the beta-cell granule was demonstrated by PACE and SACHS (1982) using a high concentration of the weak base, benzylamine, which accumulates in acid vesicles in neutral form and becomes ionized through protonation. This collapse of the pH gradient resulted in marked swelling of the insulin granules (PACE and SACHS, 1982) . This selfassociative property of insulin at pH<6.0 was also demonstrated in the Atlantic hagfish, a cyclostome that represents specialized survivors of the earliest vertebrates, the ostracaderms (-500 million years ago) (PETERSON et al., 1974) . It would, therefore, not be surprising to identify a proton-translocating ATPase in hagfish islet granules, although these experiments have not yet been performed.
ATP, therefore, contributes in a very important way to lowering the osmotic pressure of the fluid contents of neurosecretory-type granules through (NJUS et al., 1981) . A model of the types of molecular interactions that can exist between ATP, epinephrine, chromogranin and calcium within a chromaffin granule is depicted in Figure 2 . The chromaffin granule is only used for illustrative purposes since it has been studied most extensively; similar types of bonding and stacking between molecules can be applied to other types of neurosecretory granules (e. g., the platelet dense body), all of which have an acidic interior (NJUS et al., 1981; CARTY et al., 1981 CARTY et al., , 1982 FULDNER and STADLER, 1980; HUTTON 1982; RUSSELL, 1984; DEAN et al., 1984; JOHNSON, 1987) . In this model, much attention was paid to the pK values of all molecular species shown in order to determine the ionic conditions that prevail at the internal pH of the chromaffin granule. At pH 5.7, ATP has three negative charges and the N-1 nitrogen of the purine ring is not protonated (COHN and HUGHES, 1960; TATE, 1981) allowing for greater stacking of ATP with epinephrine (MURO et al., 1971; TUCK and BAKER, 1973; DANIELS et al., 1974; SAPPER et al., 1979) which has pK values of 8.8 and 9.9 for the 4-hydroxyl group of the catechol ring and amine group, respectively. Chromogranin is depicted as a random coil polyelectrolyte based on results of NMR spectroscopy (SHARP and RICHARDS, 1977a, b; DANIELS et al., 1978) and circular dichroism studies (ROSENHECK and SCHNEIDER, 1973) . The acidic side chains of chromogranin are all ionized at the pH of the interior of the granule since the pK of the Bcarboxyl group of aspartic acid and the pK of the y-carboxyl group of glutamic acid are 3.0-4.7 and 4.4, respectively. Chromogranin, in its random-coil configuration, can also interact with ATP and epinephrine in a ladder-like array (SMYTHIES et al., 1971) . Vesiculin, an acidic protein found in cholinergic synaptic vesicles (STADLER and WHITTAKER, 1978) , would presumably interact with ATP and acetylcholine using similar ionic bonding as shown here for the chromaffin granule. Since the contents of the granule are in a "viscous" state, weak molecular Both the crystals and the solid aggregates represent the 2/3 "complexed" solutes that do not exert any osmotic pressure. The aggregate of "X" molecules represent a pre-crystalline state of some of the molecules that exclude some water molecules and reduce the osmotic pressure to a smaller degree. The dispersed dots represent osmotically-active molecules. interactions such as ionic bonds (MURO et al., 1971; TUCK and BAKER, 1973; DANIELS et al., 1974; SAPPER et al., 1979) , Van der Waals forces (SAPPER et al., 1979) , hydrogen bonding ( VAN HOLDE and ROSSETTI, 1967; SAPPER et al., 1979) , hydrophobic and polar bonding (Fig. 2 ) may all play a role in lowering the activity coefficient of the solutes, thereby maintaining granule stability. Although calcium is shown interacting with the y-phosphate group of ATP (RAMIREZ and MARECEK, 1980) and with chromogranin (REIFFEN and GRATZL, 1986) within chromaffin granules, calcium actually interferes with amine binding (SAPPER et al., 1979) because of the greater affinity of metals for nucleotides (DANIELS et al., 1979) .
A very important role of ATP, in addition to the lowering of osmotic pressure through extensive molecular interactions, could be related to its buffering capabilities (POLLARD et al., 1979; NJUS et al., 1981) . All of the neurosecretory-type granules evaluated so far have an acidic interior which is lower than exocrine-type granules (CASTLE et al., 1987) . The acid pH of neurosecretory-type granules is maintained by high concentrations of proton-translocating ATPases (NJUS et al., 1981) , whereas the acid pH of lysosomes is maintained by both a GibbsDonnan type of equilibrium (GOLDMAN and ROTTEN-BERG, 1973; REIJNGOUD and TAGER, 1977) and a low concentration of proton-translocating ATPases. The neurosecretory granule is, therefore, a unique type of granule in its strict pH requirements that provide a stable storage milieu for peptides, amines and enzymes prior to release (CARTY et al., 1987) . The combination of low permeability to protons and monovalent cations, and a low pH, is ideal for maintaining high concentrations of stored neurotransmitters/neurohormones with the minimum of molecular repulsion. ATP is an excellent candidate as a buffer for the chromaffin granule contents, since the dissociation constant of the y-phosphate of ATP (complexed with other molecular species in the interior of the chromaflin granule) is -5.7, the pH of the chromaffin granule (POLLARD et al., 1979; NJUS et al., 1981) .
Function of granule-derived nucleotides after secretion
We must now consider additional functions for a high-energy molecule such as ATP to account for its presence within all types of neurosecretory-type granules studied so far. It is conceivable that a polyanion such as inorganic polyphosphate (HAROLD, 1966; KULAEV, 1975) could substitute for ATP in its buffering role and its ability to lower osmotic pressure. Ultrastructural cytochemical data obtained from our laboratory (PAYNE et al., 1984) using the uranaffin reaction (RICHARDS and DA PRADA, 1977) indicate that "nucleotides" are homogeneously distributed throughout the crystalline cores of beta-cell granules. What kind of buffering capacity do nucleotides have in a relatively "osmotically-inactive" compartment, and what effect can they have on lowering osmotic pressure within the beta-cell granule, when insulin self-associates and crystallizes at acid pH? In addition, the uranaffin reaction has failed to detect "nucleotides" within other types of acid vesicles that contain secretory products in relatively high concentration such as the natural killer cell (PAYNE et al., 1984) , the specialized lysosomes of granulocytes (PAYNE et al., 1983 (PAYNE et al., , 1984 and the common lysosomes of many different types of cells (PAYNE et al., 1984) . Also, why are nucleotides present (PAYNE, 1984) in such high concentration
(1-2M) in platelet dense bodies, when platelets are hematopoietic cells, not neuroendocrine cells proper?
The answer to the above questions may be found in the extensive extracellular trophic effects (GORDON, 1986; HALLAM and PEARSON, 1986 ) of ATP and ATP metabolites, such as ADP, AMP and adenosine formed as a result of the action of ectonucleotidases (PEARSON et al., 1980; PEARSON and GORDON, 1985; GORDON et al., 1986) . Adenosine and its nucleotide can function as neuromodulators (KURODA, 1978; FRED-HOLM and HEDQVIST, 1980; PHILLIS and WU, 1981; STONE, 1981; SNYDER, 1985; EHRLICH et al., 1986) , agonists and antagonists to inflammatory cells (MAR-QUARDT et al., 1978; SUNG et al., 1985; KUHNS et al., 1988; WARD et al., 1988) , and can regulate blood flow (BERNE et al., 1983 ). ATP appears to function in cholinergic transmission (SILINSKY and HUBBARD, 1973; DOWDALL, 1978; RIBEIRO and DOMINQUEZ, 1978; SILINSKY and GINSBORG, 1983) , and because of its strong buffering capacity, may cause a transient inhibition of acetylcholinesterase in the synaptic cleft by inducing a decrease in the local pH (FULDNER and STADLER, 1982) . ATP also fulfills the criteria for a neurotransmitter, since it is the principal transmitter released from non-adrenergic, non-cholinergic, "purinergic" nerves that supply the gastrointestinal tract, urinary bladder and lung (BURNSTOCK, 1980) . The trophic effects of nucleotides released from blood platelets are well known (HoLMSEN, 1985) . Platelet dense bodies contain more ADP than ATP, a nucleotide ratio that is the reverse of NS-type granules found in true neuroendocrine cells. Released ADP, not ATP, causes platelet aggregation in the immediate microenvironment of the damaged blood vessel endothelium, resulting in an effective hemostatic plug. Recent evidence also indicates that both ATP and ADP, released from activated platelets, enhance superoxide anion responses in stimulated neutrophils (WARD et al., 1988) . The above is a simple overview of some of the effects of extracellular ATP, thereby documenting a role beyond its buffering effects within the granule interior.
Some other hypothetical effects of ATP on exocytosis (STEVENS et al. 1975; KNIGHT and BAKER, 1987) and cell stimulation that may be common to most types of neuroendocrine cells are illustrated in the diagram shown in Figure 3 . Since -7,500 molecules of ATP are released from a single chromafiin granule, many events are possible. Extracellular ATP may act as a ligand proper, stimulating the cell membrane, increasing calcium uptake (KURODA, 1978; KNIGHT and BAKER, 1987) , and resulting in an alteration in the cytoskeleton that is conducive to granule exocytosis. ATP can theoretically phosphorylate secretion-related proteins or "energize" some metabolic intermediaries, resulting in accelerated granule release (STEVENS et al., 1975; KNIGHT and BAKER, 1987) . Finally, adenosine may be taken up by the neuroendocrine cell and used in a purine salvage pathway for ATP synthesis (STEVENS et al., 1975) .
From an evolutionary standpoint, the above-mentioned modulatory, trophic and feedback effects of released nucleotides could be a more modern extension of a role of ATP as a primitive neurotransmitter or neurohormone.
The granules of exocrine glands are emptied into a duct, precluding any possible modulation of the activities of neighboring cells. All exocrine cells to date also do not contain high concentrations of nucleotides (PAYNE et al., 1984) . The necessity for granule contents to enter the bloodstream is also not dependent on nucleotide content, since the thyroglobulin-containing secretory granules Phylogeny of Neurosecretory Granule Contents 283 of thyroid follicular cells and the lipoprotein-containing granules of hepatocytes do not contain nucleotides (PAYNE et al., 1984) . In addition, the Hydra neuroendocrine "stem cells" contain abundant "nucleotides" (PAYNE and CROMEY, 1987) ; however, these organisms do not have a blood vascular system. Coelenterates do, on the other hand, have muscle tissue and a nerve net which may be responsive to secreted nucleotides within the mesoglea.
It seems probable, therefore, that nucleotides may have been retained through evolution as a result of these modulatory, trophic or feedback effects. The strong buffering capacity of ATP and extensive molecular interactions in the interior of neurosecretory granules perhaps made it feasible to exist in such high concentration, a prerequisite for an extracellular modulatory role after secretion.
Phylogenetic
and evolutionary considerations of the contents of neurosecretory granules
It has now become obvious that neurosecretory granules are biochemically complex and may have had a long evolutionary history. Several aspects of the advanced mammalian neurosecretory granule will now be traced back through evolution in a hypothetical scheme (Fig. 4) that takes into consideration the presence of certain key features of granule composition in different animal phyla and prokaryotic organisms that can be viewed as "living fossils" (AL-AWQATI, 1986) . The molecular components of neurosecretory granules that together make the granule unique include an acidic interior (CIDON et al., 1983) maintained by a proton-translocating ATPase (AL-AWQATI, 1986), amine and nucleotide uptake main- Acid vesicles maintained by a proton-translocating ATPase have been identified in the protozoa (HOME-WOD et al., 1972; YAYON et al., 1984; KROGSTAD and SCHLESINGER, 1986, 1987; GAROFALO and SATIR, 1984; PETERSON et al., 1987a; VILMART-SEUWEN et al., 1986; STEERS et al., 1969; ADOUTTE et al., 1984) , the unicellular algae (KUCHITSU et al., 1987) , yeast (KAKINUMA et al., 1981; UCHIDA et al., 1985) , molds (BOWMAN, 1983) and the higher plants (LIN et al., 1977) . Two protozoans that have been extensively studied include Plasmodium falciparum, the intracellular parasite that causes malaria, and the ciliated Paramecium. In fact, the existence of acidic intracellular organelles has been known since the 1890's (RUDNICK, 1986) , when METCHNIKOFF observed that protozoans change the color of ingested litmus particles from blue to red (METCHNIKOFF, 1893). The acid pH of the food vacuole of Plasmodium is essential for the degradation of hemoglobin, essential to the growth and replication of the organism (HOMEWOD et al., 1972) . Antimalarials, such as chloroquine and other weak bases, collapse the pH gradient (HOMEWOD et al., 1972; YAYON et al., 1984; KROGSTAD and SCH-LESINGER, 1986, 1987) and impair the nutrition and survival of the organism. Similar mechanisms of pH gradient collapse, using the protonation of ammonia, have been used to study the transport of amines in Fig. 4 the mammalian chromaffin granule (POLLARD et al., 1979) . Trichocysts are acidic secretory organelles of certain protozoans (GAROFALO and SATIR, 1984; PETERSON et al., 1987a) that are docked to the cell membrane for immediate release (VILMART-SEUWEN et al., 1986) . The acidic interior of the trichocysts is believed to function in maintaining the trichocyst proteins in a condensed, crystalline (STEERS et al., 1969; ADOUTTE et al., 1984; GAROFALO and SATIR, 1984; VILMART-SEUWEN et al., 1986; PETERSON et al., 1987a) and energized (ADOUTTE et al., 1984) conformation which, after release, becomes rapidly expanded and increases its length about eightfold (BANNISTER, 1972; HAUSMANN, 1978) . The acidic interior of some mammalian neurosecretory granules could indeed have been retained through evolution (GAROFALO and SATIR, 1984) because of the necessity to similarly package neurotransmitters/neurohormones in a most stable (CARTY et al., 1987) , even crystalline (GREIDER et al., 1969; RASKA et al., 1978; LANGE et al., 1979; HUTTON, 1982; CHAWDHURY et al., 1983) configuration (e. g., insulin molecules). The neurosecretory granule ATPase is biochemically complex (NELSON, 1987) and may go back two billion or more years in evolution, based on the similarity to the F0F1 ATPase found on the inner mitochondrial membrane (SCHMIDT et al., 1982; WEBER et al., 1983; HARLOS et al., 1984; STADLER and TSUKITA, 1984) . In fact, antibodies against the F1 subunit crossreact with the corresponding subunits of all protonATPases tested (ROTT and NELSON, 1981; NELSON, 1987) , including those of the archaebacteria (LUBBEN et al., 1987) , although the ATPases may not all be identical (MUKOHATA et al., 1986) . It is possible, therefore, that the neurosecretory granule membrane could have arisen through evolution from aerobic bacteria according to the endosymbiotic (MARGULIS, 1971) or fusion (AL-AWQATI, 1986) theory of evolution.
A second property of the mammalian neurosecretory granule is the ability to concentrate amines and nucleotides using the energy derived from an electrochemical gradient (WINKLER and WESTHEAD, 1980; NJUS et al., 1981; PHILLIPS, 1982; WINKLER et al., 1986; WINKLER, 1987) . This property of amine sequestration may also have its origin in one-celled organisms, since yeasts (WIEMKEN and DURR, 1974; OHSUMI and ANRAKU, 1981; SATO et al., 1984a, b) and molds (VAUGHN and DAVIS, 1981) can effectively concentrate amino acids within cytoplasmic vacuoles and maintain a forty-fold gradient between the interior of the vacuole and the cytosol . The acid pH of the interior of the vacuole would protonate the basic amino acids and effectively "trap" the amino acids in an ionized state (DAVIS, 1958) within the membrane-bound compartment. A similar mechanism has been proposed for 5-hydroxytryptamine in the platelet dense body and epinephrine in the chromafiin granule. The concentrated basic amino acids in the lower organisms are not, however, secreted from the cell as in the neuroendocrine cells of higher organisms, but instead are used as a nitrogen reserve, especially arginine (SATO et al., 1984b) for cell differentiation, i. e., the budding cycle and sporulation (WIEMKEN and DURR, 1974) . The ability to concentrate amines and nucleotides using an electrochemical gradient (MITCHELL, 1976; AL-AWQATI, 1986 ) may be traced back 2 billion or more years in evolution, since bacteria have the capacity to concentrate nutrients from their environment using a plasma membrane-bound protontranslocating ATPase (RAMOS and KABACK, 1977a, b) .
The third major property of the mammalian neurosecretory granule is the occurrence of acidic proteins known as the chromogranins
[CGs] (FISCHER-COLBRIE et al., 1987) , which are widespread in neuroendocrine and neural tissues (HAGN et al., 1986; LLOYD, 1987) . The function of the CGs are largely unknown (FISCHER-COLBRIE et al., 1987) . The amino acid sequence of CGA shows 70% homology with pancreastatin (HUTTNER and BENEDUM, 1987) indicating that the CGs may be precursors of yet unknown neuropeptides (WINKLER et al., 1986) . A most interesting finding, however, indicates that CGA-like proteins are associated with the trichocysts (i. e., secretory granules) of Paramecium tetraurelia (PETERSON et al., 1987b) . The function of CG in these one-celled organisms may be related to the ability of CG with its acidic pI (WINKLER et al., 1986) to buffer the low pH known to exist in the secretory granule (GAROFALO and SATIR, 1984) and its ability to bind Ca++ (WINKLER et al., 1986; REIFFEN and GRATZL, 1986) , thereby maintaining the trichocyst protein in its undischarged, energized configuration (ADOUTTE et al., 1984; PETERSON et al., 1987a) . Perhaps a related function of this calcium sequestration exists in higher organisms where a low concentration of calcium ions in the cytosol is essential to prevent secretion (KNIGHT and BAKER, 1987; TRIFARO and FOURNIER, 1987) . Additional roles for CGs as possible helper proteins to ensure immediate solubility of regulatory peptides after exocytosis (HUTTNER et al., 1987) may have occurred later, accounting for its evolutionary conservation, and explaining its widespread occurrence among diverse neuroendocrine tissues.
Finally, one of the most intriguing evolutionary considerations is the origin of intragranular nucleotides, which are packaged in high concentration. Recent ultrastructural cytochemical data from our laboratory indicate that nucleotides may be present in all true neurosecretory-type granules based on the cellular (PAYNE et al., 1983 (PAYNE et al., , 1984 and organelle (PAYNE et al., 1983; PAYNE, 1984) specificity of the uranaffin reaction for nucleotides. From a phylogenetic standpoint, ATP has been biochemically isolated from the acetylcholine vesicles of Torpedo (TA-SHIRO and STADLER, 1978; WINKLER et al., 1983; WHITTAKER, 1987) , an elasmobranch fish that originated some 500 million years ago. We have recently identified uranaffin-positive granules in the "stem cells" of the primitive nervous system of Hydra, indicating, perhaps, an even older existence. Since the basis of the staining of the uranaffin reaction is the binding of uranyl ions to the phosphate groups of nucleotides (ZOBEL and BEER, 1961) , it is possible that the dense cores identified in coelenterate neurosecretory granules using this technique, could alternatively be large concentrations of polyphosphates. Biochemical assays or ultrastructural hydrolytic digestion experiments will be necessary to positively identify the stained component as ATP. Polyphosphates have indeed been identified in yeast (OH-SUMI and ANRAKU, 1981; INDGE, 1968; URECH et al., 1978) , algal (KUCHITSU et al., 1987) and mold (VAUGHN, 1981) vacuoles, where they serve to bind basic amino acids and act as a "cation trap" (DURR et al., 1979) . Here, as in the mammalian chromaffin granules, polyphosphates, like ATP, can lower the osmotic pressure of yeast vacuoles that apparently store amino acids in the 1M range (DURR et al., 1979) . Purines also accumulate in yeast vacuoles where they can exist in a crystalline state (ROUSH, 1961; SVIHLA et al., 1963) . It is, therefore, easy to see how ATP could replace the packaged purines and concentrated polyphosphates found in these one-celled organisms as trophic effects, specifically for ATP, became more important to the physiology of complex multicellular organisms.
It is also intriguing to speculate as to the origin of vacuolar polyphosphates. According to the endosymbiotic theory of evolution (MARGULIS, 1971) , aerobic bacteria could have invaded an ancestral eukaryote and later evolved into mitochondria, organelles characteristic of more energy-demanding prokaryotic cells. Since the plasma membrane ATPases of prokaryotic cells (DOWNIE et al., 1979) bear certain homologies with that of the neurosecretory granule membrane, it is possible that concentrated polyphosphates in the form of volutin granules (WIDRA,1959; HAROLD and MILLER, 1961; HAROLD, 1966; KULAEV, 1975; JACOBSON et al., 1982; CLARK et al., 1986) , could have been present within the most ancestral type of acid vesicle from the very beginning. A central role for polyphosphates and ATP in the storage and buffering mechanisms of cytoplasmic vacuoles and neurosecretory granules, respectively, is quite understandable in light of the fact that phosphate esters are known to be chemically quite stable (WEST-HEIMER, 1987) . According to evolutionary theory, it is this chemical stability that may explain the reason why these groups were retained through time for use in biochemical transformations (WESTHEIMER, 1987) . The propionic acid-producing bacteria, the Propionibacteriaceae, in fact, utilize polyphosphate in place of ATP for several phosphorylation reactions (WOOD and GOSS, 1985) . An ancestral form of propionic acid bacteria may represent one distinct type of endosymbiont. ATP could have gradually replaced polyphosphates as more complex organisms evolved, presumably because ATP is more polyfunctional and recognizable compared with the monotonously-built polyphosphates (KULAEV, 1975) .
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